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Abstract

Recent efforts in PDRE research at AFRL-West have focused on basic studies of
the detonation or constant-volume combustion of multiphase mixtures. A collaborative
effort is under way for developing models appropriate for PDRE application studies.
This effort includes a new facility for the collection of data on liquid oxygen/gaseous fuel
detonations. The facility has been designed to provide accurate and flexible control over
the initial conditions of the multiphase mixtures and complete characterization of
detonation parameters including initiation energies, wave speeds, pressures and rates of
heat transfer. Model development is being performed by Metacomp Technologies and
University of Colorado. A second experimental effort is examining the feasibility of a
monopropellant-fueled pulse combustor. Analytical and numerical studies have shown
the performance benefits of this approach and a preliminary system study has shown that
there are significant benefits in satellite applications. An experimental demonstration of
the concept is under way.

Introduction

Pulse Detonation Engines will operate in a multiphase regime that has not
previously been characterized. A great deal is known about condensed-phase and purely
gaseous detonations, and some work has been done in dilute sprays, however, there has
not previously been a technological application that utilized detonations in the density
ranges that are relevant to rocket propulsion. One of the goals of this program is to
determine the conditions under which liquid oxygen sprays can be successfully detonated
including the effects of droplet size, vapor fraction, turbulence level on detonation wave
speed, pressure history and ignition sensitivity. It will provide data for developing models
of droplet shattering and vaporization as well as the effects of heat transfer and wall
friction in the extended reaction zones that exist for multi-phase detonations. This data is
needed for model development and code verification for performing PDRE feasibility
studies.

A second goal of this program is to explore constant-volume combustion as an
alternative to pulsed-detonation. Similar advantages to those already identified for pulse
detonation engines could be achieved in a device operating with a constant or near-
constant volume combustion cycle. In fact, pulse detonation devices approach the
. constant-volume limit when there is sufficient time for transient waves within the
combustion chamber to decay before a significant fraction of the mass has exited the
nozzle. This limit could be achieved in practice by placing a hot-gas valve in the exit of
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the combustion chamber, or simply by building a chamber with a large volume relative to
the nozzle throat area, such that the blowdown time of the chamber is much longer than
the reaction time of the propellants. We are exploring this alternative from several ‘
angles, including basic thermodynamic theory, lumped-parameter system modeling, and
an experimental demonstration.

Experimental Approach:

LOX/Hydrogen Detonations: Facility and test article design and fabrication are
complete. Preliminary operations using inert simulants are being performed as this
abstract is being written and initial detonation tests are imminent. Figure 1 shows the
detonation tube with the associated valving and instrumentation. The tube has an inner
diameter of 17, a length of 24” and a design pressure of 10,000 psi. The initial quality of
the injected LOX is controlled through the Joule-Thomson expansion process at the
injector orifice. The hydrogen is chilled prior to injection to suppress vaporization of the
liquid oxygen and to be simulative of the injection conditions typical of engines
regeneratively-cooled with hydrogen. The initial pressure and density within the tube is
controlled with an adjustable exit orifice. The ignition system is based on a conventional
automotive system with an additional final capacitive discharge stage that allows the
system to build to a higher voltage allowing briefer and higher power spark discharges.
This system also allows spark energy to be varied to find the minimum energy for
detonation initiation. o e 3

The detonation tube and
propellant systems are pre-chilled
with liquid nitrogen. The tube is
instrumented with two sets of
transducers: cryogenic temperature
sensors and low-pressure transducers
for characterizing the initial mixture
conditions, and piezoelectric and
flame ionization detectors for
characterizing the detonation.

The experiment is sited in a
remote test area and is operated from
a control console in a blockhouse.

Constant-Volume/Pulse Combustor
Demonstration: Test article has been
designed and fabricated and is shown
in figure 2. Test facility buildup is
pending. The device was designed
using an in-house lumped parameter
- code that models the transient
processes of liquid injection, droplet
burning and chamber blowdown.
The nominal thrust of the device is 10 Ibf and it is designed to operate at frequencies up
to 100 Hz. The fuel is a liquid monopropellant. The characteristic length of the

F 1gure 1 Multlphasedetonatlon test artlcle




combustion chamber is adjustable and can range from 30 to 300 inches. The injector is
based on a high-speed solenoid valve coupled to a poppet. Check out tests using high-
speed video of the injector poppet showed that bounce was occurring. This problem has
been eliminated by raising the injection pressure. Ignition can be by glow plug or a
hydrogen/oxygen torch.

Analytical and Computational Studies:
Since the last reporting period we
have performed and published analytical
and computational studies of PDRE
feasibility’. The constant volume limit of
pulsed propulsion was explored, where the
combustion chamber is approximated as
being time varying but spatially uniform
and the nozzle flow is approximated as
one dimensional but quasi-steady. This
basic model was explored theoretically, by
assuming instantaneous heat release, and
~ computationally using a finite heat release
model. These models have also been used
in the design of test articles as well as in
the system study described below.
Accomplishments/New Findings: A
preliminary system study of satellite
applications for PDRE was completed.
We considered replacing a MMH/NTO apogee engine on a 10,000 Ib class satellite with a
PDRE. Two scenarios were considered and the results of the comparison are given as
PE-1 and -2 in the table below. PE-1 used the same feed system and injection pressure as
the baseline engine, and also maintained the same engine envelope and average thrust.
The PDRE produces a higher Isp than the conventional engine because it operates at a
higher average chamber pressure, and therefore can achieve the same thrust level with a
smaller throat. Since the nozzle exit area is kept the same, the PDRE operates with a
larger expansion ratio that translates into a 6-second improvement in Isp. In the second
scenario, the engine thrust, average chamber pressure and engine envelope were held
constant, but the injection pressure was reduced in order to realize weight savings in the
feed system. Specifically the injection pressure was reduced from 100 to 37 psia
producing a reduction in tank weight from 49 to 35 Ibm for a titanium, spherical tank.
Either of the above improvements can return significant improvements in satellite
life. One second of Isp is worth 50 days of extra life. Manufacturers have demonstrated a
willingness to pay extra recurring cost of $25K per second of Isp improvement plus one
time cost of qualification (> $1M). -

Figure 2 Monopropellant pulse combustor

Relevance/Transitions: ‘
Relevance to AF Mission: The Air Force is interested in improving the performance of
space propulsion systems to increase payload capability and extend satellite lifetimes.



PDREs may offer advantages over conventional constant-pressure systems in cost and
performance and the production of rapid and variable impulse bits. Efforts to date have
focused on building demonstration devices using gaseous propellants. However, there is
a consensus within AFRL that practical systems will need to operate on condensed fuels.
This program will provide data and an improved understanding of multiphase detonations
of typical rocket propellants as well as fuels that may be particularly suited to PDRE

applications.

Where Knowledge is Used: Results of this study will be used by designers of PDRE’s as
well as analysts seeking to develop accurate performance prediction methodologies for
these engines. These activities will require quantitative data over a wide range of
conditions as well as physically motivated qualitative understandings of multiphase

detonation phenomena.

R-4D-11 PE-1 PE-2

Thrust (1bf) 100 100 1100
Pc. minmum (PSia) 100 100 37
Pc. maxmum (psia) 100 440 160

Mass Flow  (lbm/s) 0.316 0.310 .316
Aexit/ATHROAT 164 375 164
Dthreat (iNCh) ' 0.752 0.497 752
Desit (inch) 9.63 9.63 9.63
Dehamber (iNch) 20 1.30 2.0
Limotor (inch) 23.8 225 23.8
lsp 316 322 316
Motor Wt. (Ibm) 8.8 11.7 8.8
Tank Wt. (Ibm) 49 49 35

Publications/References:

! Talley, D.G., Coy, EB., “Constant Volume Limit of Pulsed Propulsion for Constant y
Ideal Gas”, J. Propulsion and Power, Vol. 18, No. 2, March-April 2002
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